In mammals, a normal offspring can be obtained even from infertile male by intracytoplasmic sperm injection (ICSI). Although ICSI technique has permitted significant progress in clinical practice in humans and mouse to date, it has been established recently in birds. In addition, efficiency of fertility and developmental rates has been low and no chick has been produced by in vitro fertilization and culture. Furthermore, polyspermic fertilization and subsequent normal developmental processes remains unknown. The enhancement of fertility and developmental rates is the first step in the avian ICSI system to be applied for protection of endangered species and production of transgenic and clone birds. This review paper describes (1) the establishment of ICSI technique in Japanese quail, (2) molecular mechanisms whereby polyspermy activates development of quail oocyte, (3) improvement of ICSI efficiency by phospholipase Cζ cRNA. Also, possible application of ICSI for avian sex manipulation and transgenic birds was summarized.
Introduction
Unlike mammals, birds physiologically exhibit polyspermic fertilization. Many sperm pass through the inner vitelline membrane and penetrate into germinal disc of an oocyte, although only one sperm is involved in zygotic formation with female pronucleus (Okamura and Nishiyama, 1978; Perry, 1987; Nakanishi et al., 1990; Waddington et al., 1998) . The zygotic male and female pronuclei are paired in the center of the germinal disc, whilst supernumerary sperm nuclei move towards the periphery of the germinal disc and undergone at least one or two rounds in mitosis (Fofanova, 1965; Perry, 1987) . Afterwards, cell division at the germinal disc persists until the egg expelled from the oviduct (Olsen, 1942) , and the blastoderm contains 4-6×10 4 cells (Eyal-Giladi and Kochav 1976) .
Presently, it is possible to carry out in vitro several separate steps of avian reproduction such as in vitro fertilization (Howarth, 1971; Nakanishi et al., 1990 Nakanishi et al., , 1991 Olszańska et al., 2002; Batellier et al., 2003) , and the complete embryo culture from single-cell stage of in vivo fertilized egg to hatching (Perry, 1988; Ono et al., 1994 Ono et al., , 1996 . However, a continuous in vitro system covering fertilization, embryo development and hatching is not yet available. Furthermore, polyspermic fertilization and subsequent normal developmental processes remain unknown in birds. The development in vitro of avian oocyte has a great potential not only for the study the mechanism of fertilization but also for protection of endangered species of birds and production of transgenic and clone birds.
In this review, recent studies on quail ICSI system, which is a new technology in avian developmental engineering and its possible application to sex reversal manipulation and avian transgenesis are described.
Establishment of ICSI in Quail
Quail were kept individually in cage under conventional conditions and the time of egg laying was recorded by video camera and time-laps tape recorder system. Ova were recovered from the infundibulum or the upper part of magnum of a laying quail. Semen was collected with swab from cloaca of female quail immediately after mating and sperm suspended in sodium chloride solution were mixed with 12% polyvinylpyrrolidone.
Micromanipulation system was set up basically in accordance with gene introduction system described by Ono (1997) , but it consists of an inverted microscope ( Fig. 1 ; Hrabia et al., 2003) . Microinjection procedures were performed under a stereomicroscope using a micromanipulator (ONM-1; Narishige) connected to the injector and an image processor system. A single sperm was picked up tail first into an injection pipette (Fig. 2) under a Hoffman modulation contrast microscope (IX70, Olympus). The ovum was placed into Dulbecco's modified Eagle's medium (DMEM) in the plastic dish (six-well plastic dish), and the sperm was injected into the injector (PMM-MB-U; Prime Tech) with silicon tubing filled with silicon oil, under a stereomicroscope (SZ11, Olympus) while being monitored (SSM-121, Sony) with the aid of an image-processor system (Image Σ-III, Nippon Avionics). The ICSI ovum was incubated for 24 hr with 41.5℃ under 5% CO 2 . The incubation procedure was performed in DMEM in six-well plastic dish or in a 20-mL plastic cup which was a modification of System Q1a described by Ono (2001) . Some oocytes were continuously cultured for 48 hr at 37.5℃ and 70% relative humidity, with rocking at a 90°angle at 30 min intervals. To select successfully fertilized eggs, we chose the following criteria: (1) cell division under stereomicroscope observation; (2) the presence of nuclei of blastomere of germinal disc by 4,6diamidino-2-phenylinedole, a DNA-specific dye and (3) cleavage furrows and nuclei by hematoxylin and eosin (HE) staining, because Olszańska et al. (2002) demonstrates that in vitro experimental procedures induce the normal cleavage without any nuclei in some eggs (parthenogenetic cleavage).
Interestingly, despite the fact that fertilization in birds exhibits polyspermy, a single ejaculated sperm of quail is capable of activating the oocyte for fertilization process and subsequent blastoderm development at observation of 24 hr after ICSI. The rate of fertilization is around 16%, which is comparable to that of those after conventional IVF using 1-2 ×10 4 semen of quail (Olszańska et al., 2002) . The devel-opmental stage (stages VI classified according to Eyal-Giladi and Kochav, 1976) is also comparable between ICSI and IVF. In addition, microinjection of an ejaculated sperm of chicken into quail oocyte induces blastodermal development in 22% (Takagi et al, 2007a) . However, the development does not go beyond stage VII despite extending the period of culture of quail embryos up to 72 hr after ICSI (Mizushima et al., 2008) .
Although these results show a single sperm of quail and chicken is capable of fertilizing quail oocyte by ICSI, the rate of blastodermal development is quite limited and the developmental potential is also low. According to our data accumulated, the rate of pronuclear formation in quail oocyte injected with a single sperm is very low (Fig. 3) . In contrast, the rate of pronuclear formation increases when oocyte was injected with a sperm together with calcium chloride or strontium chloride (Mizushima et al., 2007) . This observation leads to the suggestion that a single quail sperm may not be sufficient for calcium rise in oocyte cytoplasm to form pronuclear formation of quail oocyte. Possibly, polyspermy Journal of Poultry Science, 49 (4) 226 Fig. 1 . A schematic drawing of the micromanipulation system for the avian oocyte. Details are described in the text. A, inverted microscope; B, micromanipulator; C, microinjector; D, stereomicroscope; E, video camera (television camera MTV-H, Olympus); F, image-processor system; G, monitor. plays a pivotal role in oocyte activation.
Molecular Mechanism of Polyspermic Fertilization

Sperm Extract (SE)-dose Dependent Increases in Pronuclear Formation
During fertilization, sperm activates development by causing a rise in intracellular calcium concentrations that is generated by increased production of inositol trisphosphate (IP 3 ) in vertebrate oocytes. To date, two main hypotheses were proposed for the molecular mechanism whereby sperm triggers production of IP 3 (Stricker, 1999; Runft et al., 2002) . Namely, the first suggests that sperm-egg binding induces activation of a receptor on the oocyte membrane and couples to either a G-protein or tyrosine kinase, followed by phospholipase Cβ (PLCβ) or PLCγ activation, respectively. The second hypothesis proposes that the sperm itself contains a soluble oocyte-activating factor (SOAF) that is released into the oocyte from the sperm during gamete fusion, directly stimulating IP 3 production (Swann, 1996) . In agreement with the latter possibility in mammals, injection of whole human and mouse spermatozoa into their oocytes triggers calcium release from the endoplasmic reticulum (Tesarik et al., 1994; Nakano et al., 1997) . Furthermore, microinjection of spermatogenic total mRNA (Parrington et al., 2000) and sperm extracts (SE) from various species also elicits calcium release in the mouse oocyte (Swann, 1990; Wu et al., 1997; Tang et al., 2000) .
On the other hand, injection of chicken SE into a mouse oocyte induces calcium release and evokes embryo development to the two-cell stage (Kim and Gye, 2003) , suggesting that avian sperm contains SOAF. However, it seems necessary to test this calcium release or subsequent pronuclear formation in the chicken oocyte because the mouse oocyte may have a different responsive-ness to avian SE. We injected quail SE into a quail oocyte and found that this led to female pronuclear formation (Mizushima et al., 2009) . Importantly, the rate of pronuclear formation of an SE-injected quail oocyte increases (3.3 to 65.2%) in a dose-dependent manner with an increase in the number of sperm, but an SE over protein concentration equivalent to 20 sperm does not further increase the rate of pronuclear formation. On the other hand, a single whole sperm of a chicken or half a sperm equivalent of chicken SE can induce pronuclear formation of a mouse oocyte (Takagi et al., 2007b; Dong et al., 2000) . This discrepancy probably reflects the large size of an avian oocyte in comparison to a mammalian oocyte. For example, the volume of the germinal disc of a quail egg is more than 1 μl, whereas that of a mouse oocyte is around 200 pl. These data suggest that many sperm are necessary to ensure successful fertilization by providing sufficient amounts of SOAF in birds (Fig. 4) . In addition, the active factor in quail SOAF appeared to be protein-based and sperm-specific (Mizushima et al., 2009) .
Evidence that Avian SOAF is a PLCζ
A novel type of PLC was first obtained upon examination of short EST-sequences derived from the mouse and was referred to as PLCζ (Saunders et al., 2002) . PLCζ is a sperm-specific protein and microinjection of its complementary RNA (cRNA) or recombinant PLCζ at an estimated level comparable to the content of a single sperm into mammalian oocytes elicits calcium release similar to that observed at fertilization (Saunders et al., 2002; Kouchi et al., 2004; Swann et al., 2006) . Furthermore, microinjection of SE that generates calcium release in oocytes fails to trigger calcium release when SE was pretreated with an antibody against PLCζ (Saunders et al., 2002) . Thus, PLCζ is now thought to be a strong candidate for SOAF in mammals.
Recently, the cDNA encoding PLCζ orthologue in chicken and quail has been identified as a testis specific gene (Coward et al., 2005; Mizushima et al., 2008) . Microinjection of chicken PLCζ cRNA into a mouse oocyte triggers calcium release, indicating that it has functional properties similar to those of mammalian PLCζ. Furthermore, microinjection of quail PLCζ cRNA of up to 60 μg/ml, which is estimated to contain 9-30 sperm, induces a dose-dependent increase in the rate of pronuclear formation in quail oocytes. The maximum rate of quail PLCζ cRNA-generated pronuclear formation is 65.2%, which is comparable to or higher than that obtained by microinjection of quail SE (61.5%; Mizushima et al., 2009 ). In addition, pronuclear formation requires the synthesis of PLCζ protein since it is prevented by pretreatment with cycloheximide (protein synthesis inhibitor). From these results, we suggest that PLCζ protein may be avian SOAF, similar to mammals (Fig. 4) . It should be noted that endogenous PLCζ mRNA expression during spermatogenesis starts in an elongated spermatid (Fig. 5) . This data is consistent with our previous observation where an elongated spermatid, as well as the testicular sperm of chicken or quail, but not a round spermatid, activated mouse and quail oocytes (Hrabia et al., 2003; Takagi et al., 2007a Takagi et al., , 2007b . Although the PLCζ-causing calcium increase in Mizushima: Establishment of Avian ICSI 227 Fig. 3 . Zygotic pronuclear formation and blastoderm development of quail oocytes co-injected with a single sperm and strontium chloride (Sr 2＋ ) or calcium chloride (Ca 2＋ ). Quail oocytes were microinjected with 3 nl of 5 mM strontium chloride or 0. 1 M calcium chloride and cultured in vitro for 3 hr or 24 hr at 41.5% in 5% CO 2 in air. (unpublished observation) quail oocytes has not been measured yet, BAPTA (a calcium chelator) effectively prevents PLCζ-generating pronuclear formation (Mizushima et al., 2009 ), suggesting a role for calcium in quails.
Improvement of Avian ICSI by PLCζ cRNA
If voluminous PLCζ derived from polyspermy into a quail oocyte is involved in a series of events related to oocyte activation, microinjection of PLCζ would facilitate the rate of fertilization and subsequent blastodermal development of a quail oocyte by ICSI with a single sperm. To clarify this hypothesis, we injected a single sperm together with 60 μg/ml PLCζ cRNA into a quail oocyte and cultured the oocyte for 24 hr. We were successful in doubling the rate (38%) by co-injection of quail PLCζ cRNA with a single sperm into a quail oocyte (Mizushima et al., 2008) . Furthermore, when the period of culture of quail embryos up to 72 hr after ICSI with PLCζ cRNA was extended, the rate of embryo development was 50% and the embryo reached more than stage X and developed to stage 6. At this stage, a definite fold of the blastoderm anterior to the notochord marks the anterior end of the embryo proper and occasionally the first pair of somites appeared (Hamburger and Hamilton, 1951) .
Application of ICSI to Avian Genetic Resource Preservation and Avian Transgenesis
Sex Manipulation
Sex-reversed chicken from female to male can produce sperm that contain the female specific W chromosome (Abinawanto et al., 1998) . In addition, both elongated spermatids and sperm carrying a W chromosome in the testis were identified in the heterosexual chimeric chicken (Kagami et al., 1995; Simkiss et al., 1996; Tagami et al., 1997) . If the female genome, probably with female-determining, is available as sperm, artificial insemination and ICSI could make it possible to yield new genetic variations in avian species as well as alter the sex ratio of offspring of birds. We first injected a single sperm from a sex-reversed hen into a mouse oocyte to evaluate the fertilizability of sperm of a sex-reversed hen (Takagi et al., 2007b) . After 24 hr culture, the mouse oocyte was examined microscopically and in several instances, two pronuclei were observed. These two pronuclei were derived from chicken sperm and the mouse oocyte. Some of them were identified as carrying the W-containing sperm by PCR assay using W chromosome specific Xho I primers. Therefore, the chicken sperm carrying a W chromosome is functional, at least for fertilization.
Furthermore, we examined whether injection of sperm carrying a W chromosome from a sex-reversed chicken into quail oocytes and culture allows fertilization and development of oocytes (Takagi et al., 2007a) . Testicular sperm from a sex-reversed chicken induced blastodermal development at stages III-VI in 20% of quail oocytes after 24 hr culture. PCR assay also detected the female-specific W chromosome in some of these oocytes. These results clearly show the sperm carrying the W chromosome of sex-reversed chicken possess a fertilizing ability and can function to stimulate blastodermal development similar to normal chicken sperm carrying the Z chromosome. Supplementation of PLCζ cRNA into W sperm as described above may facilitate its rate.
Gene Introduction
Sperm-mediated gene transfer (SMGT) allows the exogenous gene to be incorporated into the genome of the zygote via the DNA repair mechanism (Perry et al., 1999; Perry, 2000) . The combination of ICSI and SMGT would not only streamline the procedure, but also overcome the low efficiency of avian transgenesis by conventional techniques such as germline chimera production (Naito, 2003; Han, 2009 ). Thus, we undertook ICSI-SMGT using PLCζ cRNA applicable to birds. We injected sperm incubated with green fluorescent protein (GFP) vector together with PLCζ cRNA into a quail oocyte and cultured the oocyte for 24 hr (Mizushima et al., 2010) . When quail oocytes were injected with sperm, 40% of these oocytes developed to the blastodermal stage (stage VI); however, these oocytes did not express the GFP protein. On the other hand, sperm treatment with the detergent Triton X-100, which damages the sperm Journal of Poultry Science, 49 (4) 228 Fig. 4 . Schematic diagram of PLCζ-generated oocyte activation in quail. When sperm fused with the germinal dics of the oocyte, a large amount of PLCζ is released from multiple sperm head into oocyte and hydrolyzes phosphatidylinositol 4, 5-bisphosphate (PIP 2 ) into diacylglycerol (DG) and inositol 1, 4, 5-trisphosphate (IP 3 ), the latter induces calcium release from endoplasmic reticulum (ER). membrane and allows exogenous genes to associate with membrane substructures, induced blastodermal development in 44% of oocytes injected, but produced high efficiency for GFP-expressing quail embryos (6/7, 85.7%). Furthermore, the PCR assay also detected the GFP gene in genomic DNA in half the number of GFP-expressing quail embryos. Thus, this GFP expression could become an efficient system for the production of transgenic birds.
Conclusion
ICSI is able to induce fertilization and development up to the embryo of quail oocytes for 72 hr culture. So far, this technique made it possible to study the mechanism of polyspermic fertilization by PLCζ and the function of sperm bearing a female-specific chromosome from sex-reversed chicken. Furthermore, endowment of PLCζ cRNA into quail ICSI-oocytes brings about significant progress in the study of gene introduction into birds. Accordingly, improved ICSI in birds may contribute to assisting in the production of transgenic birds and preservation of the genetic material of endangered species. In terms of an application for these purposes, further study is necessary to grow the embryo to hatching.
